Introduction
Pilots have many tasks in a very complex environment in flight and on the ground. Part of the complexity of this environment can be attributed to the airbome radio communications equipment. Because the results of miscommunication can be catastrophic, voice communication is such a vital aspect of the aviation system. Advanced aircraft communications systems also involve digital data radio communication techniques as a promising technology that may bring many benefits to the aviation community.
in conjunction with airlines and avionics manufacturers, is undertaking the development and deployment of a set of datalink services to enhance aidground communications in the en route environment. In this globally coordinated effort, digital data communication between controllers and flight crews is being introduced. Out of necessity there will be a transition period when digital data and conventional analog voice radios must coexist.
The Federal Aviation Administration (FAA),
Problem Statement
Digital Very High Frequency (VHF) data radio transmissions interfere with VHF AM receiving equipment used for voice communications. The potential for this type of interference represents a critical issue because of the inability to separate antennas enough, especially for general aviation (GA) aircraft. Pilots perceive digital data transmission interference as short noise-like bursts capable of distorting parts of the incoming speech.
"uncertainty" in the operation of a communication system is noise that originates naturally at the front end of the receiver. The received signal can be fuaher corrupted by interference due to undesirable sources or extemal effects. The result is that the received signal is random like in appearance; in other words, we cannot predict the exact value of the received signal [16] . The received signal, however, can be described in terms of its statistical properties. Another factor contributing to uncertainty in the communication process is the source of information itself.
Digital Data Radio Communication System
Digital communication systems offer several outstanding advantages over traditional analog systems: ease of processing, ease of multiplexing, and noise immunity. Information is propagated through an electronic communication system in the form of symbols that can be analog, such as the human voice, or digital, such as binary-coded numbers, alphdnumeric codes or database information [23] . The term digital communication covers a broad area of communication techniques, including digital radio. Digital radio is the transmittal of digitally modulated analog carriers between two or more points in a communication system.
involve Digital Data Radio Communication, for example VHF Data Link (VDL), as a promising technology that supports navigation and surveillance applications [19] and may bring many benefits to the aviation community.
Advanced aircraft communication systems also

Digital Data Radio Communication Interference with Voice Radio Communication
The transition of aidground communications, from its present analog structure to new digital communications architecture, will span a ten-year time frame. Testing to date indicates that the potential for interference from the digital system to the analog system would be significant, especially for GA aircraft [lo] . This type of interference can be described as short, random bursts of noise capable of completely obliterating parts of the voice communication. The subsequent degrading effects on voice communications could jeopardize flight safety. The obliterating of parts of important information would result in distracted attention, debilitated cognitive performance, high levels of annoyance, and stress.
In the case of digital radio data communication induced interference with voice communication, the pilot perceives the VHF data transmission that interferes with the VHF AM (Amplitude Modulation) receiving equipment used for Voice Communication as a short burst of noise. The source of this interference is the so-called co-site interference &om on-board or same site digital radio data transmitters, operating simultaneously with the reception of VHF signals virtually anywhere within the 118-137 MHz band.
(FCC) defines harmful interference [6] as interference, which endangers the functioning of a radio navigation service or other safety services or seriously degrades, obstructs or repeatedly interrupts a radio communication service operating in accordance with the Radio Regulations.
The Federal Communications Commission
Speech Intelligibili@
communication system, well-established criteria and standards are needed. The major criterion for evaluating a speech communication system is intelligibility. Intelligibility is the degree to which speech can be understood [ll] . With specific reference to speechlvoice radio communication system testing, intelligibility denotes the extent to which trained listeners can identify words or phrases that are spoken by trained talkers and transmitted to the listeners via the communication system. Diminished intelligibility is associated with a loss of information that is coded in a number of highly interactive elements, and many factors influence it. In general, intelligibility is highest for sentences, less for isolated words, and lowest for nonsense syllables. Therefore, intelligibility is very dependent on context and expectations.
The intelligibility of speech depends in part on the character of the speaker's voice. Bilger et al. [3] found that "superior" speakers (in contrast with less intelligible speakers) had longer speech syllable duration; spoke with greater intensity; utilized more In the process of evaluating a speech 4.E.5-2 of the total time with speech sounds (less pauses), and varied their speech more in terms of fundamental vocal frequencies. The differences in intelligibility of speakers are due to the structure of their articulators and the speech habits people have learned.
Characteristics that affect the intelligibility of the message include phonemes used, the words, and the context. Certain speech sounds are more easily conhsed than others. Intelligibility is greater for familiar words than for unfamiliar words. Intelligibility is higher for long words than for short words, because with short words there is less opportunity to pick up pieces of the word. In the aviation world we use word-spelling alphabet in place of single letters in the transmission of alphanumeric information. Intelligibility is higher for sentences than for isolated words because the context supplies information, as already discussed Speech transmission systems (telephones, t141.
radios) can produce various forms of distortion, interference and noise. Noise, he it external in the environment or internal to the transmission system, is the bane of speech intelligibility. The listener is the last link in the communication chain. For receiving speech messages under noise conditions, the listener should have normal hearing, should be trained in the types of communications to be received, should be reasonably able to withstand stress of the situation, and should be able to concentrate on one of several conflicting stimuli WI.
Subjective Speech Intelligibility Measurements
In general two different methods may be employed to assess speech intelligibility: subjective intelligibility measurements using human beings, rather than electronic test instruments, to assess speech communication systems; and objective, based on physical parameters of the communication channel The subjective measurement process uses trained, English-fluent talkers speaking standardized word lists through the communication system to trained, English-fluent listeners. The word lists are designed to evaluate specific aspects of speech transmission; the ability of the listeners to identify individual words or word pairs indicates the quality of the transmission [l] .
A numher of specialized word lists are in common use for testing various aspects of speech communication. The ANSI standard specifies three: ~7 1 .
Modified Rhyme Test (MRT)
Test materials consist of six 50 rhyming monosyllable word sets (i.e. pin, sin, tin, fin, din, win) that were selected with half to differ in the initial consonant and the other half in the final consonant. The listener's task is to respond to the stimulus by indicating which of the six rhyming words presented before him was spoken.
Diagnostic Rhyme Test (DRT)
Test materials consist of 96 rhyming monosyllable word pairs (i.e. veal-feel) that were selected to differ in only their initial consonant. These differences are categorized into six distinctive features and scores in each of these categories provide information on diagnosing system deficiencies. These six scores are averaged together to provide an overall measure of system intelligibility. The listener's task is to respond to the stimulus by indicating which of the two rhyming words presented before him was spoken.
Phonetically Balanced Word Lists (PB)
The oldest of the three tests is the set of 20 phonetically balanced (PB) lists, each of which contains 50 monosyllabic English words. The PB materials were developed during World War I1 and have been used very widely for more than 30 years. The words are presented in a pseudo-open set, and listeners write down their responses. The words are included in the same camer sentence, "Wouldyou write <word> now" which all speakers use for all words [l] .
In each list of words the frequency or occurrences of types of speech sounds are proportional to those in everyday life. Pre-recorded test material can be used. At a minimum, each participant is given three PB or MRT [ll] . Unvoiced hiss-like sounds like "s," "f," and "sh" are generated by constricting the vocal tract close to the lips [19] .
Human-Operator Factors in Speech Communication
The sound power in speech is carried by the vowels, which average from 30 to 300 milliseconds in duration. Intelligibility is imparted chiefly by the consonants, which average from 10 to 100 milliseconds in duration and may be as much as 27 dE3 lower in amplitude than the vowels. The strength of the speech signal vanes as a whole, and the strength of individual frequency ranges vanes Speech communication is the primary method
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with respect to the others as the formants change [161.
The sense of hearing provides a unique source of information. Auditory function is the process by which the stimulation of receptors in the inner ear is followed by transduction of the mechanical stimulus into neural energy, which upon reaching the brain gives us the sensation of hearing. Recognizable tonal quality, however, requires some minimal duration of the sound. If a tone of an audible frequency and intensity is presented for only a few milliseconds, it will lose its tonal character and will either be inaudible or be heard as a click. According to Gulick et al. [15] , the length of time a given frequency must last in order to produce the perception of a stable and recognizable pitch is 250msec. Loudness is also affected by the duration of the sound. As the duration of a sound becomes progressively briefer than ZOOmsec, intensity must be increased to maintain a constant level of loudness.
Speech perception is based on the interaction of an enormous number of complex psychological factors. It requires us to make very fine discriminations between sounds. A spoken word consists of a short pattem of sounds lasting less than a second. The perception of speech persists even when the sounds comprising words change greatly. Words retain their identity and are perceived accurately under many distorting conditions. Even when most physical characteristics of speech sounds have been changed to some degree, the sounds may still be intelligible. A complex cognitive integrative mechanism is required to perceive speech, but we appear to come specially equipped to perceive speech in very efficient ways. We continue to perceive intelligible speech even when the flow of speech is reduced or distorted [191.
One form of speech degradation involves filtering out whole ranges of frequencies from the speech signal. In a classic study by French participants with recording of a sentence in which a 120 ms portion had been replaced with a coughing sound. Nineteen out of twenty listeners demonstrated phoneme restoration effect, so called because listeners apparently "restore" the missing phonemes predicted by other linguistic information during the course of perception. The context directs the listener's perception of a sound -typically without the listener even being aware of this influence. The phoneme restoration effect demonstrates that people effortlessly "fill in" the gaps created in a stream of speech.
inaccuracies in the perception of fluent conversational speech. This occurs especially when the acoustic input is ambiguous or the same articulation has readily accessible altemative perceptions [14] . That is when the same acoustic input, received phonetically in the same manner, may be perceived differently, depending on the context in which that occurs.
A result similar to the perceptual filling-ineffect of context occurs when seconds of speech are eliminated by periodically turning the speech on and off or by systematically blanking out sections of speech flow by turning a masking noise on and off This form of speech disruption is called speech blanking [18] . When conversation was blanked out for 50% of the time (at a rate of nine blinks per second), speech intelligibility altered, but only about 15% of the words were lost.
In general, the listener's challenge is to parse speech sounds into meaningful units of language.
People sometimes "hear" phonemes that are
The role of context may also reduce
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Gaps in the sound do not necessarily correspond to word or syllable breaks. Speech sounds also are not discrete events: rather, they merge and overlap in time, and the articulation of a given phoneme differs in different contexts and with different speakers.
degradation. Speech remains reasonably intelligible even with background noise and even when chunks of linguistic elements, including phonemes and whole frequency bands, are far from ideal [21] .
Speech perception is remarkably resistant to
Environmental Factor Sin Speech
Communication
Noise and Its Effects htmding noises can interfere with human activities by distracting attention and by making activities more difficult to perform, especially when concentration is needed. Interference from noise can even make some activities (such as communication) virtually impossible. The effects of noise are seldom catastrophic, and are often only transitory, but adverse effects can be cumulative with prolonged or repeated exposure. There is some evidence that it can affect general health and well being in the same manner as chronic stress [4] .
Noise can mask important sounds and disrupt communication between individuals in a variety of settings. This process can cause anything from a slight initation to a serious safety hazard involving an accident or even a fatality because of the failure to hear important piece of information. Numerous accident reports have many "say again" exchanges between pilots and controllers, although neither side reports anything wrong with the radios. Noise can cause fatigue and vocal strain in those who need to communicate in spite of the noise. Interference with speech communication and other sounds is one of the most salient components of noise-induced annoyance. The resulting disruption can constitute anything from an annoyance to a serious safety hazard, depending on the circumstance. Noise can adversely affect task performance in a variety of circumstances [4] .
Even moderate noise levels can increase anxiety, decrease the incidence of helping behavior, and increase the risk of hostile behavior. Noise is considered a nonspecific biological stressor, gaining a response that prepares the body for action response. The physiological mechanism thought to be responsible for this reaction is the stimulation by noise (via the auditory system) of the brain's reticular activating system [7] . Neural impulses spread from the reticular system to the higher cortex and throughout the central nervous system. Noise can therefore, influence perceptual, motor, and cognitive behavior, and also trigger glandular, cardiovascular, and gastrointestinal changes [5] .
Experiment
The goal of the proposed experiment was to examine the degree to which simulated digital data radio transmission induced interference impacts voice radio communications intelligibility.
Hypothesis
The hypothesis is:
Voice radio communication intelligibility decreases as the ratio between the length of the noise-like burst and the length of the affected consonant (LR) increases.
Method
Participants
All participation was on a volunteer basis. All participants were English-fluent and held a valid second-class medical certificate, which includes a hearing test. Pilots were considered as highly trained listeners because they have received on-thejob training and have extensive experience in voice radio communications.
Twenty-seven pilots were used as participants.
Instruments
The experiment consisted of one condition with each participant. A set of three prerecorded (Intelligibility and Measurement Test Discs 1 & 2, produced by PROSONUS in association with INTEREC Publishing, 1991) PB word lists (50 words each), were used with each participant, as a minimum requirement by the standard [l] . The PB test was chosen for this experiment because in each list of words the frequency or occurrences of types
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of speech sounds are proportional to those in everyday life. PB tests have also demonstrated sensitivity to degraded speech and have been very successful with human participants. All three PB word lists were edited using SOUND FORGE X P 4.5 sound editor.
A sample of white noise, 40msec -long, was used to simulate the digital data radio transmissions. One of the consonants of each word in the second and the third word lists was obliterated by the burst as shown in Figure 2 . Words were presented one at a time.
Design
A within-subjects design was used for the study. A within-subject design was chosen because it allows the variation among participants to be removed prior to the assessment of factor effects.
The independent variable (IV) was the ratio between the length of the burst and the length of the affected consonant (LR). The dependent variable (DV) was the speech intelligibility or percentage correctly recalled items out of 150. In this experiment there were three levels of the factor (interference) defining the conditions -no interference, .2 < LR < .5 (low interference), and .7 LR < 1.2 (high interference). Scores were obtained from each participant for each of the conditions. The burst location in each word was assigned over one of the consonants because consonantal sounds are difficult to transmit successfully, and are, thus, more important than vowels to speech intelligibility. The words fiom the second and the third word lists were divided into two groups of 50-word each. The first group of words contained a long (lasting 80-200msec) consonant. The second group of words contained a short (lasting 30-80msec) consonant. In both groups, consonants (one per word) were edited using SOUND FORGE XP 4.5 sound editor in a way so that the leading 40msec of each consonant was cut off and then a 40msec burst of white noise was pasted in its place.
The test sequence of words was saved as 150 separate files. The files were then randomized using a table of random numbers. The test was computer based and self-paced. All participants wore headsets (Optimus PRO-SOMX). They were given paper to write on.
Procedures
Participants were given verbal instructions. The participants then became thoroughly familiar with all the perception-discrimination tasks required to recognize the test words under the conditions of ' the actual test. An equipment familiarization trial of three words (each in a camer sentence) with no interference was conducted. The participants were thoroughly familiar with the motor demands of the test and were briefed on the specific kinds of degraded communication that were investigated. In both familiarization and testing no visual cues were allowed. In order to prevent them to get any visual cues the participants were asked not to write anything down during the familiarization nor were they allowed to see printed copies or of the actual test sequence of words.
Results and Data Analysis
The evaluation of the data fiom this experiment consisted of a set of percentage scores and a statistical analysis and summary. The generally accepted method for measuring performance on intelligibility tests is to compute the arithmetic mean of percent of words correctly identified by the participants. The mean test scores 4.E.5-7 for no interference, 2 < LR < .5 (low interference), and 7 < LR < 1.2 (high interference) group were 98%, 92% and 84% correct, respectively (Figure 3 To investigate the effect of this type of interference specifically the study was conducted in a very conservative environment. No other form of noise. distortion or interference was introduced in It was anticipated that the digital data radio 4.E.5-8 the experimental setting. All the context, particularly aviation context, was intentionally eliminated from the experimental study design, because earlier research [23] demonstrated that speech can be severely distorted without becoming unintelligible. The normal stream of speech contains many more discriminative clues than are necessary. If interference removes or c o n h e s some of these clues others carry the message. If the speech stimulus contains many more clues than the listener needs, distortions in the stimulus must be extreme in order to obliterate all traces of the message.
Even the context of each word itself was enough for some of the participants in this study to correctly identify most of the words, especially when a longer consonant was obliterated.
There were recognizable shortcomings in that study. First, the conservative environment used in the experiment reduced the ecological validity of the study. Given what we know about the influence of context on speech intelligibility, research similar to this should be conducted in a higher fidelity environment. It could well be the context of a live cockpit that reduces the negative effect of this type of interference to a negligible level. But, it also could be that the typically very noisy environment in the live cockpit makes the negative effect of the burst even stronger.
It should be noted that scores were negatively influenced not only by the higher LR, but also by the location of the burst. Specifically scores worsen when the burst occurred over the first consonant.
Future research on the impact of the use of English as a second language on voice radio communication intelligibility would bring some insights about the way we should approach the growing diversity of cultural backgrounds in today's "busy" skies.
Interference caused by digital data radio transmission may affect intelligibility differently over the various phases of flight. This may be influenced by the specific terminology/phraseology commonly used by controllers. A better understanding of the intellectual strategies pilots use to cope with the already noisy environment of the Iive cockpit may be required.
Communication is an essential element of human society, and speech is its most convenient form of expression. Interference with speech can degrade living directly, by disturbing normal social and work-related activities, and indirectly, by causing annoyance and stress. Sometimes the communications, disturbed by noise are of vital importance, especially in the aviation environment.
